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INTRODUCTION
Inverters have been widely used in many power electronics applications, such as uninterruptable power supply (UPS), renewable energy systems and electrical vehicle, which need converting DC power to AC power. In several 3-phase inverter applications, 3-phase 4-wire (3P4W) inverters are employed to supply 1-phase, unbalanced and non-linear loads [1] , [2] . In 3-phase inverter applications, these load types result in zero sequence voltage and current. To handle zero sequence current, conventional split DC-link capacitors can be used at the DC side of 3P4W inverter. In this case, neutral current flows throughout the DC-link capacitor, which requires huge capacitance to handle the neutral current [3] . Another way to obtain neutral point for the zero sequence current in 3P4W inverter is that a delta/star or delta/zigzag connected transformer is used at the load side. However, this is not chosen in many applications because of transformer's dimensions, losses and cost [2] . Therefore 3-phase 4-leg (3P4L) inverter, generated with an additional fourth leg (or neutral leg), is employed in 3-phase applications to provide neutral connection and to control zero sequence voltage. Other challenging tasks for today's inverter applications are high efficiency, low complexity and low cost. Even though the complexity and cost concerns are partially satisfied with 2-level topology, low efficiency and high filter requirements are disadvantages for this topology.
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For these disadvantages, 3-level topologies are a good solution. Among the 3-level topologies, neutral-point clamped (NPC) inverter is well-known topology and widely preferred in industrial applications [4] , [5] . The classical 3-level NPC topology is widely used for medium voltage applications. Because it is necessary to place switching devices in series in the topology, higher conduction losses occur due to the increase in these devices in the conduction path. Another type of the NPC topology is T-NPC, which is more convenient for lowvoltage applications and more efficient than the NPC inverter [6] , [7] . Compared to the 3-level NPC topology, the T-NPC employs an active bidirectional switch to the dc-link voltage midpoint and gets along with two diodes less per bridge leg. The T-NPC topology combines the positive aspects of the 2-level converter such as low conduction losses, small part count and a simple operation principle with the advantages of the 3-level converter such as low switching losses and high output voltage quality [4] . In T-NPC topology, a bidirectional switch at the midpoint leg is formed by using two conventional insulated gate bipolar transistors (IGBTs) with two antiparallel diodes. Power dissipation in these switches is high since there are two semiconductors in the current path as an IGBT and a diode at the midpoint leg. On the other hand, a bidirectional switch can be designed with only two RB-IGBTs, which do not require diodes [8] . The disadvantage of the T-NPC topology can be removed using an AT-NPC topology due to the employment of the highly efficient RB-IGBT at the midpoint leg. The advanced type of T-NPC (AT-NPC) was proposed in literature with high efficiency and reliability [9] . Because of these advantages, 3-level 3P4L AT-NPC inverter structure, whose detailed analysis and principles are excluded from the scope of this study, is employed with the LC-type filter as in Figure 1 . As can be shown in the figure, the additional fourth leg is employed to provide neutral point for 1-phase loads and to control zero sequence voltage under unbalanced or non-linear load conditions. linear/non-linear and balanced/unbalanced load types, double-loop proportional-integral (PI) controller is designed in this study. Although, PI controller has the advantages such as widely used and easy to implement, it does not enable to track sinusoidal reference signal and has not enough controller band width to satisfy high dynamic response in inverter applications. For these reasons, double-loop PI controller based on coordinate transformation in synchronous reference frame (SRF) [10] is used to eliminate steady-state error [11] , [12] . In multi-loop based voltage control, either output filter inductor or output filter capacitor current is sampled for inner current loop variable to obtain fast transient response in literature. In reference [13] , different feedback and feedforward multi-loop voltage control of 2-level 3-phase 3-leg inverter for the capacitor and the inductor currents feedback are analyzed and it indicates that capacitor current based control is the superior performance. Moreover, reference [14] proves that capacitor current based model is more independent of load variation than inductor current based. Therefore, in this paper, capacitor current based control is adopted as in reference [15] to control 3-level 3P4L AT-NPC inverter with high controller bandwidth and low THD under aforementioned load types.
MODELING AND OUTPUT VOLTAGE CONTROL OF THE INVERTER
A proper model of the inverter system should be obtained to achieve high performance output voltage control. The switching-model can represent detailed dynamics and characteristics of the inverter. However, the averagemodel of the inverter system is more ideal than the switching-model for controller design employed in this study, because the switching-model contains the nonlinear structure of the power switches. For the proposed system given in the Figure 1 , output voltages ( ), pole voltages ( ) and offset voltage ( ) can be written as:
where j ϵ { a, b, c } and is duty ratio of each leg that range from 0 to 1. According to Eqs. (1) and (2), matrix form of output voltage can be expressed as: 
Using Eqs. (4)- (6) with Eqs. (7), (8), SRF based model of the inverter is obtained as:
In the above model, it can be concluded that 
In Eq. (12), the model has state matrix (A) and output matrix (B) and has input matrix (C), moreover; it has four transfer functions , the last two of which are coupling transfer functions. If the channels can be coupled completely, the coupling transfer functions would be zero. To simplify the controller design, the decoupling of inductance voltage terms is omitted, because the effect of it is little. Additionally, capacitor current decoupling terms can be added to capacitor current references for the decoupling. Hence the capacitor current based state-space model can be simplified as in Eq. (13) After obtaining the voltage reference signals at the output of the controller, the carrier-based 3-level pulse-width modulation (PWM) method is used to generate switching signals is depicted in the Figure 5 . Since the 3P4L topology has not current path between n point and f point as shown in the Figure 1 , which is different from 3P4W with split DC-link capacitors topology, there is extra degree of freedom in the selection of [16] . Thus, selection of the offset voltage gives some advantages, which are higher DC-link voltage utilization, optimization of switching losses and reduced DC-link capacitor. The offset voltage selection can be achieved by controlling of gate signal of the fourth leg [1] , [5] . To utilize the advantages that are mentioned above, offset voltage can be calculated as in Eq. (17) . (17) The calculated offset voltage is added to phase reference voltages to obtain modulation signal of each leg as can be seen in Figure 5 . And then, modulation signals are compared with triangular carrier wave that yields 3-level PWM signals for each leg.
Figure 5. 3-level carrier-based PWM technique

SIMULATION RESULTS
The performance of the control algorithm designed for 3-level 3P4L AT-NPC inverter system is extensively evaluated for the different load types in PSIM software simulations. The results of the simulations are presented for three different load types, which are unbalanced load, 1-phase or 2-phase load and non-linear load. PSIM simulation block diagram of the 3-level 3P4L AT-NPC inverter system is shown in Figure 6 . The inverter system is created with Fuji Electronic 4MBI300VG-120R-50 RB-IGBT module and with LC-type filter as can be seen in this figure. The inductor value in the LC filter is designed with the consideration of limiting the current ripple to 20% of the rated amplitude. The required minimum inductance is calculated as in (18), [17] . For the design of the LC filter capacitance value, the cut-off frequency of the LC filter is selected typically about 1/10~1/5 of the switching frequency to attenuate the switching ripple. The parameters of the system are summarized in Table 1 . In the first case, the control algorithm is tested under linear unbalanced load type. The load connected to the inverter output is 10 Ω, 5 Ω and 12 Ω for each phase leg. Figure 7 shows performance of the system under unbalanced linear load. As can be seen in the Figure 7a , the output voltages of each phase are balanced and its THD values are 1.58%, 1.56% and 1.55%, respectively. The neutral current caused by unbalanced load flows throughout fourth leg. In the second case, 1-phase or 2-phase loads are connected at the output of the inverter. In this case, the system start with unbalanced 2-phase loads and then one of the loads is disconnected at 0.06 s. The result about this case is shown in Figure 8 . It shows that, the designed controller has fast dynamic response and it provides the 3-level 3P4L AT-NPC inverter system working with 1-phase or 2-phase loads. Moreover, the output voltage is balanced and its THD values are 1.80%, 1.74% and 1.76%, respectively. In the final test case, 1-phase rectifier with RC load is connected to each phase leg of the inverter output. The load currents have 80.1% THD value. As can be seen in Figure 9 , the controller provides the 3-level 3P4L AT-NPC inverter system to work balanced output voltage under non-linear load type. For this case, THD values of the inverter output voltages are 2.58%, 2.55% and 2.58%, respectively. All these results show that SRF based control technique used in this study fulfills the requirement of high dynamic response and large stability margin in the 3-level 3P4L AT-NPC inverter system. Additionally, the system achieves to work with or without 2-phases. In all test conditions, the system supply high quality output voltage with less than 3% THD for the different loads. 
CONCLUSION
